The zero energy building (ZEB) is being introduced as a new energy policy in the building sector. Accordingly, to realize the ZEB, renewable energy systems that can produce energy are essential. Various hybrid systems are being proposed to develop a more efficient system than individual renewable energy systems, among which tri-generation systems are attracting attention. In this study, in order to find an economic solution of a tri-generation system for the realization of ZEB, the simulation model using the dynamic energy analysis code was constructed and a feasibility study was conducted. Moreover, the conventional design method and the design method for ZEB realization were proposed, and the return on investment (ROI) was calculated according to four local conditions and two design methods. As a result of energy analysis, the energy self-sufficiency (ES) in Seoul, Ulsan, Ottawa and Toronto were calculated as 62%, 65.1%, 57.7%, and 60.2%, respectively. Moreover, results of feasibility analysis compared to a conventional system showed that the payback period of the tri-generation system in South Korea was within 13 years, and Canada was within 10 years.
Introduction
Global energy demand is expected to increase by 25% by 2040 as per the new policies scenario of the International Energy Agency (IEA); increasing global population and people's incomes mostly in urban areas of developing economies are the predominant causes [1] . As global energy demand grows, countries around the world are developing clean energy technologies as an alternative to reduce greenhouse gas emissions and cope with climate change while actively encouraging the use of such technologies through diverse policies. The energy demand of South Korea is high compared to the size of its economy, as 94.2% of its energy supply depends on imports. South Korea's energy demand and supply structure is highly vulnerable to energy security issues [2] . To address this, South Korea is promoting the development of technologies for renewable energy as an energy source. South Korea has also presented a plan to increase the percentage of power generation using renewable energy to 20% by 2030 and is expected to expand the supply of renewable energy such as photovoltaic, wind power, solar thermal, and geothermal [2] . In particular, the zero energy building (ZEB) is introduced as a new energy policy of building sector. Accordingly, in order to realize ZEB, renewable energy systems that can produce energy are essential. However, a performance of an individual renewable energy system such as a photovoltaic (PV) system or a geothermal system is affected by an external condition or a heat source condition, and it is difficult to ensure reliability on energy supply due to intermittent production of energy.
To cope with various load patterns of buildings, it is essential to minimize the effect of the external conditions on the performance of the system and stably produce energy. To overcome disadvantages of individual renewable energy such as photovoltaic and geothermal and improve reliability on the performance of the system and energy production, many studies on hybrid systems which combine renewable energy technologies have been conducted in various aspects. In order to improve the thermal and electric efficiency of the photovoltaic-thermal (PVT) system, which combines the solar-thermal system and PV module. The parameter study is carried out through the verification experiment and energy simulation. The optimal design method of the system is proposed by using this result [3] [4] [5] [6] [7] . Ramos et al. [8] analyzed feasibility and affordability of the PVT systems coupled with small-scale electrically or thermally driven solar heating and absorption chillers or heat pumps cooling systems in Europe. As a result, Seville, Rome, Madrid and Bucharest were proved to be the most promising for the installation of PVT systems. Guarracino et al. [9] have developed a three-dimensional numerical model of a hybrid PVT collector with the aim of calculating the temperature distribution over the PV panel. In addition, to estimate the annual thermal and electrical energy outputs generated by the collector in a UK domestic installation, Zhou et al. [10] conducted a solar PVT cogeneration system that consists of novel PVT collectors that can generate thermal energy and electric energy simultaneously. Furthermore, it is suggested that the optimization design of solar PVT cogeneration system is based on the building energy demand.
On the other hand, the performance analysis of the hybrid system with PVT and ground source heat pump (GSHP) has been compared with the conventional system, and the energy efficiency and economic analysis of the system have been performed through dynamic simulation. Xia et al. [11] have developed an optimal control strategy for hybrid GSHP-PVT systems and evaluated an energy-efficient control setting such as a genetic algorithm. The evaluation of the optimal control strategy described that this development strategy was able to reduce the system electricity consumption by a maximum of 7.8%. Entchev et al. [12] have studied hybrid renewable microgeneration system with a GSHP and PVT that able to satisfy both heating and cooling loads in a load-sharing application between a detached house and small office building. As a result, the combined hybrid GSHP-PVT system saves overall energy of 58%. Canelli et al. [13] investigated the performance of two different hybrid renewable systems in load-sharing applications through dynamic simulation. In addition, to evaluate the different systems, energy, environmental and economic analysis (3-E) was conducted. The hybrid GSHP-PVT reduction of operational cost equal to 56.4% against the other cases such as conventional boiler and chiller, ground source heat pump system, hybrid microgeneration system. Emmi et al. [14] have investigated and compared the energy performances of a heat pump coupled with the photovoltaic-thermal hybrid solar collector for a single-family dwelling located in North East Italy. As a result of simulation, multi-energy source systems increased the energy efficiency by 16%-25% against an ordinary air-to-water heat pump system. Jeong et al. [15] calculated annual performance based on hourly system performance and weather data. Moreover, in order to decide a suitable system capacity between PVT and GSHP, a sensitivity analysis was conducted. The results show that the hybrid system can achieve 15.5% higher performance at most than only a GSHP system. Conti et al. [16] analyzed the use of hybrid PVT collectors in nearly zero-energy buildings. A design methodology based on the dynamic simulation of the whole energy system, which includes the building load, the thermal storage, a reversible heat pump, the power exchange with the grid, and solar collectors was suggested.
As such, in previous studies, performance analysis or a prototype experiment for a hybrid system was conducted. However, there are few studies on the quantitative analysis on energy performance of the renewable hybrid system considering building load condition. Furthermore, even though energy simulation was conducted as a case study, a suitable design method for tri-generation system has not been considered. In this study, in order to find an economic solution of tri-generation system for the realization of a ZEB, the simulation model using the dynamic energy analysis code was constructed Energies 2019, 12, 3304 3 of 25 and a feasibility study was conducted. Moreover, the conventional design method and the design method for ZEB realization were proposed, and return on investment (ROI) was calculated according to four local conditions and two design methods. In addition, economic solution for tri-generation system was suggested based on the ROI of alternative cases.
Design Methods of the Tri-Generation System
In this study, the design method was set up to analyze the energy performance of the tri-generation system and to evaluate the feasibility. Figure 1 shows the design methods of the tri-generation system. Design methods are classified into two types: design based on peak load of the building and design for realizing the ZEB. The design based on peak load is a commonly used system design method, that is based on the peak load of the building and the safety factor. The peak load of the building is calculated by inputting the conditions required for building load analysis such as thermal transmittance according to the building code for each nation, weather data of each region, and internal heat gain. After the peak load of the building is calculated, the heat pump capacity is determined by considering the safety factor. The capacity of the photovoltaic-thermal (PVT) collector and the ground heat exchanger (GHX) are determined by the capacity of the heat pump. After the capacity of each unit (heat pump, PVT collector, GHX, heat storage tank and circulation pump) is determined, the initial investment cost of the system can be estimated. In addition, performance analysis can be performed on system energy efficiency. The energy cost of the system is calculated based on the energy efficiency analysis, and the total cost (initial investment cost and energy cost) is determined via economic analysis. Based on the results of the economic analysis, feasibility evaluation of the system is conducted.
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Decision of the Initial System Capacity
Climate Data for Each Local
To design the initial system capacity, cooling and heating loads of buildings are required to be analyzed based on the building design standard of each country. In addition, the building design standards and the heating/cooling loads are vastly affected by meteorological conditions. An analysis of the ambient temperature in each area was required for building load analysis. In this study, the monthly average ambient temperature was analyzed for four regions in South Korea and Canada. This system is able to fulfill the energy demand such as electric power, heating, cooling and DHW of buildings by the PVT collectors and the ground source heat pump (GSHP). Also, the electric power produced in the photovoltaic module can be used for system operation or sold through reverse transmission. Besides, the tri-generation system can reduce the design capacities of the PVT collector and GSHP in comparison to the individual system as the peak load of building can be distributed. In addition, when the weather is cloudy or the solar radiation is not available, GSHP can be used instead of the PVT collector to cope with building heating and DHW load, and stable energy production is possible. On the other hand, as operation for supply of DHW using the PVT collector and operation for cooling using a GSHP can be carried out at the same time in the summer. This operation can be carried out even under a situation where demands for cooling and DHW supply coexist. The system operation method consists of eight types, and these are detailed in Section 3.4.
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To design the initial system capacity, cooling and heating loads of buildings are required to be analyzed based on the building design standard of each country. In addition, the building design standards and the heating/cooling loads are vastly affected by meteorological conditions. An analysis Energies 2019, 12, 3304 5 of 25 of the ambient temperature in each area was required for building load analysis. In this study, the monthly average ambient temperature was analyzed for four regions in South Korea and Canada. Figure 3 shows the latitude and longitude for the four regions. Figure 3 shows the latitude and longitude for the four regions. The latitude of Seoul is 37°35′ and its longitude is 127°1′, and those of Ulsan are 35°32′ and 129°19′ respectively. Also, the latitude of Ottawa is 45°41′ and its longitude is −75°69′, and those of Toronto are 43°70′ and −79°41′ respectively. Figure 4 shows the monthly average ambient temperature. The weather data used for the building load model are from U.S. National Renewable Energy Laboratory (NREL) database in TMY2 format [17] . The annual average ambient temperature in Seoul was 11.7 °C, while the highest and lowest temperatures were 33.8 °C and −14.5 °C, respectively. The annual average ambient temperature in Ulsan was 13.2 °C, while the highest and lowest temperature were 33.9 °C and −9.6 °C, respectively. The annual average temperature difference between Seoul and Ulsan was 1.5 °C. The maximum temperatures during the summer in both cities were similar. However, the monthly average temperature in Ulsan was confirmed to be higher during the winter season. On the other hand, the annual average ambient temperatures in Ottawa and Toronto were 5.9 °C and 7.3 °C, respectively; highest temperature was similar to that of Seoul. Lowest ambient temperatures in Ottawa and Toronto were −28.6 °C and −22.1 °C, respectively; in Ottawa the temperature was 6.5 °C lower than that in Toronto, and 19 °C lower than that in Ulsan. Figure 4 shows the monthly average ambient temperature. The weather data used for the building load model are from U.S. National Renewable Energy Laboratory (NREL) database in TMY2 format [17] . The annual average ambient temperature in Seoul was 11.7 • C, while the highest and lowest temperatures were 33.8 • C and −14.5 • C, respectively. The annual average ambient temperature in Ulsan was 13.2 • C, while the highest and lowest temperature were 33.9 • C and −9.6 • C, respectively. The annual average temperature difference between Seoul and Ulsan was 1.5 • C. The maximum temperatures during the summer in both cities were similar. However, the monthly average temperature in Ulsan was confirmed to be higher during the winter season. On the other hand, the annual average ambient temperatures in Ottawa and Toronto were 5.9 • C and 7.3 • C, respectively; highest temperature was similar to that of Seoul. Lowest ambient temperatures in Ottawa and Toronto were −28.6 • C and −22.1 • C, respectively; in Ottawa the temperature was 6.5 • C lower than that in Toronto, and 19 • C lower than that in Ulsan.
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The Building Load Model
Result of Energy Need for Heating and Cooling
Modeling of the Tri-Generation System
The condition for each component used for the performance prediction model is shown in Table 4 . The capacities of the heat storage tanks (HST) 1 and 2 were set to be 1.5 m 3 and 0.5 m 3 respectively and the heat loss coefficient was 0.694 W/m 2 ·K. The set point temperatures of the heat storage tanks were classified based on the use method, and the set temperature of HST 1 located at the side of the heat source which was 15 • C and that of HST 2 connected to the load side was 55 • C. The rated total cooling/heating capacity of the fan coil unit was input based on the heat pump capacity, and those of Seoul, Ulsan, Ottawa, and Toronto were set to 10 kW, 9 kW, 15 kW, and 13 kW, respectively.
Meanwhile, regarding the cooling and heating operation period of the system, the period from Jun. to Sep. was set to be a cooling operation period. The periods from January to April and from October to December were set to be heating operation periods. Regarding the heat storage operation period, the periods from Jan. to May and from Oct. to Dec. were set to be periods of heat storage operation using the heat pump, and the heat storage operation using the PVT module continues all year round.
The average DHW usage value (252 L/day) was recommended by ASHRAE [25] for typical families, and the residential house DHW usage pattern was based on the previous study [25, 26] . The hourly DHW usage pattern was described in Figure 9 . The capacities of the heat storage tanks (HST) 1 and 2 were set to be 1.5 m 3 and 0.5 m 3 respectively and the heat loss coefficient was 0.694 W/m 2 ·K. The set point temperatures of the heat storage tanks were classified based on the use method, and the set temperature of HST 1 located at the side of the heat source which was 15 °C and that of HST 2 connected to the load side was 55 °C. The rated total cooling/heating capacity of the fan coil unit was input based on the heat pump capacity, and those of Seoul, Ulsan, Ottawa, and Toronto were set to 10 kW, 9 kW, 15 kW, and 13 kW, respectively.
The average DHW usage value (252 L/day) was recommended by ASHRAE [25] for typical families, and the residential house DHW usage pattern was based on the previous study [25, 26] . The hourly DHW usage pattern was described in Figure 9 . 
Ground Heat Exchanger Model
The vertical U-tube ground heat exchanger model is based on duct ground heat storage (DST) model developed by Hellstrom [27] . The DST is defined as a system where heat is stored directly in the ground. The ground heat exchanger are assumed to be uniformly placed in the ground. The heat flow from the ground heat exchanger to the ground is determined by the temperature in the ground surrounding the ground heat exchanger, fluid temperature, and heat transfer. In the DST model, the fluid temperature at the outlet can be expressed as:
Here, , is the fluid temperature at the inlet of ground heat exchanger (°C). is the temperature of the surrounding ground (°C). When the fluid flow rate approaches zero, the fluid temperature at the outlet approaches the temperature of the surrounding ground ( ). On the other hand, the outlet temperature equals the inlet temperature as the fluid flow rate moves to infinity. The damping factor ( ) can be determined as: 
Here, T GHX,intlet is the fluid temperature at the inlet of ground heat exchanger ( • C). T ground is the temperature of the surrounding ground ( • C). When the fluid flow rate approaches zero, the fluid temperature at the outlet approaches the temperature of the surrounding ground (T ground ). On the other hand, the outlet temperature equals the inlet temperature as the fluid flow rate moves to infinity. The damping factor (β) can be determined as:
Here, e is the exponential function, C f is heat capacity of the fluid (kJ/kg·K), α is heat transfer coefficient (W/m 2 ·K), V is the storage volume (m 3 ), Q f is the total fluid flow rate (kg/hr), and L p is the pipe length of the storage volume (m).
Photovoltaic-Thermal Collector Model
The PVT collector model is based on the algorithms proposed in Chapter 6 (Flat-Plate Collectors) of the "Solar Engineering of Thermal Processes" textbook by Duffie and Beckman [28, 29] . This model has the dual purpose of generating power from the embedded photovoltaic (PV) modules and transferring heat to a fluid stream passing through tubes bonded to a solar absorber located beneath the PV modules. The energy useful gain (Q PVT ) generated by the solar absorber can be calculated as:
Here, . m is the fluid flow rate through the solar absorber (kg/hr). C p is the specific heat of the fluid through the solar absorber (kJ/kg·K). T PVT,outlet and T PVT,inlet are the outlet and inlet temperatures of the solar absorber, respectively ( • C). On the other hand, the power generation of the PV module can be calculated by the transmittance-absorbance of the PV module (τα), the incidence angle modifier (IAM), a total solar radiation (beam and diffuse radiation) incident upon the collector surface (G t ), the top area of the PV module (A PVT ) and the power efficiency of the PV module (η PVT ), as in the following Equation (4).
The power efficiency of the PV module can be determined considering a function of the cell temperature and the incident solar radiation, as in the following Equation (5).
Here, X CellTemp is the multiplier for the power efficiency as a function of the module temperature. X Radiation is the multiplier for the power efficiency as a function of the incident radiation.
Heat Pump Model
The heat pump conditions a one fluid flow by rejecting energy to cooling mode or absorbing energy from heating mode. The heat pump model is based on user-supplied data files containing catalog data for the capacity and power draw, based on the inlet load and source temperatures [30] . Both data files provide capacity and power consumption of the heat pump as functions of entering source fluid temperature and entering load fluid temperature. Figure 10 shows the catalog data of the heat pump. Here, is the exponential function, is heat capacity of the fluid (kJ/kg·K), is heat transfer
is the storage volume (m 3 ), is the total fluid flow rate (kg/hr), and is the pipe length of the storage volume (m).
Photovoltaic-Thermal Collector Model
The PVT collector model is based on the algorithms proposed in Chapter 6 (Flat-Plate Collectors) of the "Solar Engineering of Thermal Processes" textbook by Duffie and Beckman [28, 29] . This model has the dual purpose of generating power from the embedded photovoltaic (PV) modules and transferring heat to a fluid stream passing through tubes bonded to a solar absorber located beneath the PV modules. The energy useful gain ( ) generated by the solar absorber can be calculated as:
Here, is the fluid flow rate through the solar absorber (kg/hr). is the specific heat of the fluid through the solar absorber (kJ/kg·K).
, and , are the outlet and inlet temperatures of the solar absorber, respectively (°C). On the other hand, the power generation of the PV module can be calculated by the transmittance-absorbance of the PV module (τα), the incidence angle modifier ( ), a total solar radiation (beam and diffuse radiation) incident upon the collector surface ( ), the top area of the PV module ( ) and the power efficiency of the PV module ( ), as in the following Equation (4).
Here, is the multiplier for the power efficiency as a function of the module temperature.
is the multiplier for the power efficiency as a function of the incident radiation.
Heat Pump Model
The heat pump conditions a one fluid flow by rejecting energy to cooling mode or absorbing energy from heating mode. The heat pump model is based on user-supplied data files containing catalog data for the capacity and power draw, based on the inlet load and source temperatures [30] .
Both data files provide capacity and power consumption of the heat pump as functions of entering source fluid temperature and entering load fluid temperature. Figure 10 shows the catalog data of the heat pump. The amount of energy absorbed from the source fluid flow in heating is given by Equation (6) Q absorbed = Cap heating − P heating (6) Here, Q absorbed is energy absorbed in heating mode c. Cap heating is heat pump heating capacity at current conditions. P heating is heat pump power consumption in heating mode (kJ/hr).
In the heating mode, the outlet temperatures of the heat source side and load side can then be expressed using Equations (7) and (8) .
T source,out = T source,in − Q absorbed m source C source (7) T load,out = T load,in − Cap heating m load C load
Here, T source,out is outlet temperature of fluid on heat source side ( • C). T source,in is inlet temperature of fluid on the heat source side ( • C). m source is flow rate of fluid on the heat source side ( • C). C source is specific heat of fluid on the heat source side (kJ/kg·K). T load,out is outlet temperature of fluid on the load side. T load,in is inlet temperature of fluid on the load side ( • C). m load is flow rate of fluid on the load side. C load is specific heat of fluid on the load side (kg/hr).
On the other hand, the amount of energy rejected by the source fluid flow in cooling is given by Equation (9) Q rejected = Cap cooling + P cooling
Here, Q rejected is energy rejected in cooling mode (kJ/hr). Cap cooling is heat pump cooling capacity at current conditions. P cooling is heat pump power consumption in cooling mode (kJ/hr).
In the cooling mode, the outlet temperatures of the heat source side and load side can then be expressed using Equations (10) and (11) .
T load,out = T load,in + Cap cooling m load C load (11)
Heat Storage Tank Model
The thermal performance of a heat storage tank, subject to thermal stratification, can be modeled by assuming that the tank consists of equal volume segments [31] . The degree of stratification is determined by the number of nodes (n) in the heat storage tank entered by the user. If the number of nodes is equal to one, the heat storage tank is modeled as a fully-mixed tank and no stratification effects are possible. The heat storage tank model used in this study set the number of nodes to three, and it considered temperature dead band, heat loss coefficient and environment temperature. The energy balance of the i-th segment considering the outlet and inlet fluid temperatures of the heat storage tank and the temperature of surroundings can be expressed as follows:
Here, M i is mass of fluid in the i-th section (kg/hr). C p f is specific heat of the tank fluid (kJ/kg·K). T i is temperature of the i-th tank segment ( • C). t is time. α i and β i are a control function.
. m s is fluid mass flow rate to tank from the heat source (kg/hr). T L is temperature of the fluid replacing that extracted to supply the load ( • C). U is heat loss coefficient (kJ/hr·m 2 ·K). A i is surface area of the i-th tank segment (m 2 ). T env is temperature of the environment surrounding the tank ( • C).
Control Strategy
As the tri-generation system uses diverse heat sources, an efficient operation method is required to be established taking into account the building load and use characteristics of each unit. The system is operated based on the cooling and heating loads of the building and the preset indoor temperature. Operation of each system unit (PVT collector and heat pump) is determined by the inlet/outlet temperatures and the preset temperature of the heat storage tanks. Figure 11 shows the heating/cooling and heat storage operation methods of the tri-generation system. The operation methods comprise heating, cooling, and heat storage operations. Heating operation is either carried out using the heat pump and HST 2, or only the heat pump in case HST 2 is non-functional. Heating operation through the heat pump uses HST 1 and the GHX as the heat sources; operation using the heat pump utilizes higher outlet temperature between the HST1 and the GHX. On the other hand, the cooling operation is carried out using only the GSHP, and only the GHX is used as the heat source.
is non-functional. Heating operation through the heat pump uses HST 1 and the GHX as the heat sources; operation using the heat pump utilizes higher outlet temperature between the HST1 and the GHX. On the other hand, the cooling operation is carried out using only the GSHP, and only the GHX is used as the heat source.
Heat storage operation is divided into two types and is carried out using either the PVT collector or the heat pump. Heat storage operation 1 is carried out for HST 1 and HST 2 using the PVT collector. The HST 1 takes the role of a buffer tank and receives heat from the PVT collector to maintain a temperature similar to that of the underground heat source. The heat storage operation 1 of the PVT collector for HST 2 is carried out when the temperature of the PVT collector is higher than that of HST 2. The heat storage operation 2 is the heat storage operation for HST 2 and is carried out using the PVT collector and the heat pump. As the heat storage operation using the PVT collect is conducted only under the specific conditions stated earlier, it is difficult to cover the entire heat of the HST 2 consumed by heating load and hot water supply load. Accordingly, heat storage operation is carried out through the heat pump to recover the heat consumed in HST 2. For the heat storage operation through the heat pump, either HST 1 or the GHX, is utilized based on which has the higher outlet temperature, similar to the case of heating operation. The flow diverter and On/Off differential controller were used to control the cooling and heating operation. The flow diverter simulates incoming fluid from the inlet in either direction of the two outlets according to the control signal [31] . The control signal sets the position of a damper controlling the proportion of fluid to each outlet, as in the following Equations (13) and (14) .
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Heat storage operation is divided into two types and is carried out using either the PVT collector or the heat pump. Heat storage operation 1 is carried out for HST 1 and HST 2 using the PVT collector. The HST 1 takes the role of a buffer tank and receives heat from the PVT collector to maintain a temperature similar to that of the underground heat source. The heat storage operation 1 of the PVT collector for HST 2 is carried out when the temperature of the PVT collector is higher than that of HST 2. The heat storage operation 2 is the heat storage operation for HST 2 and is carried out using the PVT collector and the heat pump. As the heat storage operation using the PVT collect is conducted only under the specific conditions stated earlier, it is difficult to cover the entire heat of the HST 2 consumed by heating load and hot water supply load. Accordingly, heat storage operation is carried out through the heat pump to recover the heat consumed in HST 2. For the heat storage operation through the heat pump, either HST 1 or the GHX, is utilized based on which has the higher outlet temperature, similar to the case of heating operation.
The flow diverter and On/Off differential controller were used to control the cooling and heating operation. The flow diverter simulates incoming fluid from the inlet in either direction of the two outlets according to the control signal [31] . The control signal sets the position of a damper controlling the proportion of fluid to each outlet, as in the following Equations (13) and (14) .
Here, m 1 is mass flow rate at outlet position 1. m i is mass flow rate of inlet fluid. m 2 is mass flow rate at outlet position 2. γ is control function having a value between 0 and 1. Normally, the mass fluid flow in the outlet position is 1 (1 − γ). If the specific condition is satisfied, the mass fluid flows in the outlet position is 2 (γ). In other words, when the value of the control signal is 0, the fluid flows in outlet position 1, thus the value is 1 and the fluid flows in outlet position 2.
In addition, On/Off differential controller generates a control function which can have a value of 0 or 1. The value of the control signal is chosen as a function of the difference between upper (T upper ) and lower (T lower ) temperatures, compared with dead band temperature difference (∆T L ). The control function of On/Off differential controller can be expressed as follows Equations (15) and (16):
When the dead band difference (∆T L ) is less than the difference between upper temperature (T upper ) and lower temperature (T lower ), the controller is activated by the control signal (γ). In this study, On/Off differential controllers were applied to the operation using HST 1 and HST 2.
When using the heat pump for heating and heat storage operations, the heat source with higher temperature was utilized. At this time, the outlet temperature of the HST 1 was set to T upper , the outlet temperature of the GHX was set to T lower , and ∆T L was entered as 1 • C. When the temperature difference between T upper and T lower is higher than ∆T L , the control signal was set to 1, and the heat pump operation using the HST 1 was conducted. However, when the temperature difference between T upper and T lower was lower than ∆T L , the control signal was set to 0, and the heat pump operation using the HST 1 was not possible. These conditions were applicable only if the heat pump performed heating and heat storage using the GHX.
Cooling and heating operation is determined by the operation periods and the building load result. First, in the heating period, the building indoor temperature is checked and heating operation is conducted when the building indoor temperature is 20 • C or lower. When the temperature of HST 2 inside is 45 • C higher, heating operation is conducted using HST 2. However, when the temperature of HST 2 inside does not reach 45 • C, heating operation is carried out using the heat pump. The heating operation is conducted using either HST 1 or the GHX, depending on which operation mode has the higher outlet temperature.
Secondly, in a cooling period, the cooling operation is conducted when the building indoor temperature is 26 • C or higher. For cooling operation, only the GSHP is used.
Finally, HST 2 is preferentially considered for the heat storage operation. If the temperature of HST 2 inside is below 52 • C, the heat storage operation is conducted. The heat storage operation for HST 2 using the PVT collector is carried out only if the outlet temperature of the PVT collector is higher than the inside temperature of HST 2 by 5 • C. The temperature of the PVT collector is determined by ambient temperature and solar radiation. However, if these conditions are poor, it is difficult to conduct heat storage operation using the PVT collector. Accordingly, the heat storage operation is carried out through the heat pump, either HST 1 or the GHX. The higher outlet temperature between HST 1 and GHX is that which is utilized. However, when the temperature of the HST 1 is 12 • C or lower, the heat storage operation is performed using the PVT collector. At this time, the outlet temperature of the PVT collector is 1 • C higher than the inside temperature of HST 1. Figure 12 shows the dynamic performance of the tri-generation system. The dynamic performance was analyzed through average hourly data on 16 January. The heat pump is operated intermittently for 24 h, and the PVT collector is gained heat during the daytime.
Energy and Economic Analysis According to Design Method
Dynamic Performance
On the other hand, the temperature of the HST2 was changed depending on the system operation method. When the heat storage operation using the heat pump and heating operation using the HST2 were performed at the same time, the temperature of the HST2 indicated a constant state. However, when only the heat storage operation was conducted, the temperature of the HST2 was increased. In addition, the outlet temperature of HST1 was higher than the outlet temperature of the GHX at 14:30. In this case, the heat pump used HST1 as a heat source, not the GHX. However, when only the heat storage operation was conducted, the temperature of the HST2 was increased. In addition, the outlet temperature of HST1 was higher than the outlet temperature of the GHX at 14:30. In this case, the heat pump used HST1 as a heat source, not the GHX. Figure 13 shows the energy consumption of the system and the energy production of the PVT collector by the design based on peak load according to region. The total energy consumption of the system in Seoul and Ulsan was calculated as 4710 kWh and 4672 kWh, respectively. Ulsan decreased the energy consumption of the system by 0.8% (37.1 kWh) compared to Seoul. The cooling load was similar in both regions, but it appears that Ulsan decreased its monthly energy consumption because the heating load from November to January is lower than that of Seoul. On the other hand, the energy production of the PVT collector was higher in an intermediate season than in winter and summer seasons. The total energy production of the PVT collector in Seoul and Ulsan was calculated as 2921 kWh and 3044 kWh, respectively. The monthly energy production of the PVT collector was similar to that of Seoul and Ulsan, but the energy production of the PVT collector installed in Ulsan had been improved by 4.2% (122.6 kWh).
Energy Analysis
The total energy consumption of the system in Ottawa and Toronto was calculated as 6280 kWh and 5815 kWh, respectively. The systems in both regions in Canada have higher energy consumptions than those in South Korea, and Ottawa increased the energy consumption of the system by 8.0% (465.2 kWh) compared to Toronto. The monthly energy consumption of the system in Ottawa and Toronto was higher in terms of heating energy demand than cooling energy demand like South Korea. Toronto has decreased the energy consumption of the system because of the smaller heating and cooling load than Ottawa. The energy production of the PVT collector in Ottawa and Toronto was calculated as 3623 kWh and 3501 kWh, respectively. Ottawa is located in the north of Toronto, but the energy production of the PVT collector increased by 3.5% (121.4 kWh). Figure 13 shows the energy consumption of the system and the energy production of the PVT collector by the design based on peak load according to region. The total energy consumption of the system in Seoul and Ulsan was calculated as 4710 kWh and 4672 kWh, respectively. Ulsan decreased the energy consumption of the system by 0.8% (37.1 kWh) compared to Seoul. The cooling load was similar in both regions, but it appears that Ulsan decreased its monthly energy consumption because the heating load from November to January is lower than that of Seoul. On the other hand, the energy production of the PVT collector was higher in an intermediate season than in winter and summer seasons. The total energy production of the PVT collector in Seoul and Ulsan was calculated as 2921 kWh and 3044 kWh, respectively. The monthly energy production of the PVT collector was similar to that of Seoul and Ulsan, but the energy production of the PVT collector installed in Ulsan had been improved by 4.2% (122.6 kWh).
The total energy consumption of the system in Ottawa and Toronto was calculated as 6280 kWh and 5815 kWh, respectively. The systems in both regions in Canada have higher energy consumptions than those in South Korea, and Ottawa increased the energy consumption of the system by 8.0% (465.2 kWh) compared to Toronto. The monthly energy consumption of the system in Ottawa and Toronto was higher in terms of heating energy demand than cooling energy demand like South Korea. Toronto has decreased the energy consumption of the system because of the smaller heating and cooling load than Ottawa. The energy production of the PVT collector in Ottawa and Toronto was calculated as 3623 kWh and 3501 kWh, respectively. Ottawa is located in the north of Toronto, but the energy production of the PVT collector increased by 3.5% (121.4 kWh). Figure 14 shows the energy production of the PVT collector and the solar radiation according to design method and region. The PVT collector with 10 panels were installed using a design based on peak load. Thus, the annual energy production per PVT collector was estimated to be about 300 kWh in Seoul and Ulsan. The number of installations of the PVT collectors in design for realizing ZEB was calculated based on the energy consumption of the system designed based on peak load. As a result, Seoul and Ulsan needed PVT collectors with 16 panels to realize ZEB. The total energy production of the PVT collector in Seoul and Ulsan was calculated as 4644 kWh and 4755 kWh, respectively, by the design for realizing a ZEB. The energy production was 59.0% (1723 kWh) and 56.2% (1711 kWh) higher than that of the design based on peak load, respectively.
Toronto was higher in terms of heating energy demand than cooling energy demand like South Korea. Toronto has decreased the energy consumption of the system because of the smaller heating and cooling load than Ottawa. The energy production of the PVT collector in Ottawa and Toronto was calculated as 3623 kWh and 3501 kWh, respectively. Ottawa is located in the north of Toronto, but the energy production of the PVT collector increased by 3.5% (121.4 kWh).
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Comparative Analysis of Energy Self-Sufficiency by Design Method
Here, is energy self-sufficiency (%). is energy production of PVT collector (kWh). is energy consumption of system (kWh). The ES in Seoul and Ulsan by the design based on peak load were calculated as 62.0% and 65.1%, respectively. Therefore, the PVT collector with 10 panels is installed. In Seoul and Ulsan, the annual energy production per PVT collector is estimated to be about 300 kWh. Therefore, the design for realizing the ZEB method involves the installation of the PVT collector with 16 panels, considering the total energy consumption of the system by the design based on peak load. The ESs in Seoul and Ulsan by the design for realizing a ZEB were calculated as 98.7% and 103.2%, respectively. Both design methods have identified higher ES during intermediate seasons than in winter and summer. This is because the heating and cooling load is low, and a large amount of solar radiation can be obtained during the intermediate season. In particular, the ES was the highest in June and September in South Korea. In contrast, the ES in Ottawa and Toronto by the design based on peak load were calculated as 57.7% and 60.2%, respectively. In Canada, the annual energy production per PVT collector is estimated to be about 350 kWh. Therefore, it was assumed that the PVT collector with 18 panels is installed to realize a ZEB, considering the total energy consumption of the system by the design based on peak load. The ES in Ottawa and Toronto by the design for realizing a ZEB were calculated as 102.4% and 106.4%, respectively. This trend was similar to that shown by South Korea's ES. Moreover, the ES was low during the winter, when building loads were high and solar radiation conditions were poor. Here, ES is energy self-sufficiency (%). E p is energy production of PVT collector (kWh). E c is energy consumption of system (kWh). The ES in Seoul and Ulsan by the design based on peak load were calculated as 62.0% and 65.1%, respectively. Therefore, the PVT collector with 10 panels is installed. In Seoul and Ulsan, the annual energy production per PVT collector is estimated to be about 300 kWh. Therefore, the design for realizing the ZEB method involves the installation of the PVT collector with 16 panels, considering the total energy consumption of the system by the design based on peak load. The ESs in Seoul and Ulsan by the design for realizing a ZEB were calculated as 98.7% and 103.2%, respectively. Both design methods have identified higher ES during intermediate seasons than in winter and summer. This is because the heating and cooling load is low, and a large amount of solar radiation can be obtained during the intermediate season. In particular, the ES was the highest in June and September in South Korea.
In contrast, the ES in Ottawa and Toronto by the design based on peak load were calculated as 57.7% and 60.2%, respectively. In Canada, the annual energy production per PVT collector is estimated to be about 350 kWh. Therefore, it was assumed that the PVT collector with 18 panels is installed to realize a ZEB, considering the total energy consumption of the system by the design based on peak load. The ES in Ottawa and Toronto by the design for realizing a ZEB were calculated as 102.4% and 106.4%, respectively. This trend was similar to that shown by South Korea's ES. Moreover, the ES was low during the winter, when building loads were high and solar radiation conditions were poor.
Economic Analysis
Initial Investment Cost by Design Method
The tri-generation system was combined with the PVT and GSHP systems. Thus, both constructions of the system should be considered when calculating the initial investment cost. In this study, the initial investment cost was calculated by separating the PVT and GSHP systems for accurate economic analysis. The initial investment cost was calculated based on the design capacity of each unit, such as the heat pump, PVT collector, borehole, and circulating pump. In addition, the cost was obtained using quotations from a PVT and GSHP system construction company, government organizations such as the Public Procurement Service [33] , and by consultation with system design experts. Table 6 shows the initial investment costs of PVT system construction in South Korea and Canada. The initial investment cost of the PVT system in South Korea was calculated using the PVT manufacturer's quotation. In Canada, it was calculated by consultation with an expert. As a result of the meeting, a cost of 3 dollars per watt was proposed for the PV panel. The cost of the PVT collector was calculated by considering a 10% surcharge on the PV panel. On the other hand, in the system composition by design based on peak load, the PVT collector with 10 panels was installed in both South Korea and Canada. Thus, the initial investment costs for PVT systems in South Korea and Canada were calculated at 10,590 USD and 12,309 USD, respectively. In the system composition by design for realizing a ZEB, the PVT collector with 16 panels was installed in South Korea and the PVT collector with 18 panels was installed in Canada. The costs of the PVT systems in South Korea and Canada were calculated as 15,500 USD and 20,229USD, respectively. For the realization of the ZEB, South Korea and Canada have improved the initial investment costs of PVT systems by 46.4% (4910 USD) and 64.3% (7920 USD), respectively, from the design based on peak load. Table 7 shows the initial investment costs of GSHP system construction in South Korea. The initial investment cost of GSHP systems in South Korea was based on a quotation from a GSHP construction company and a cost announced by the Public Procurement Service in Korea [33] . The costs for GSHP systems in Seoul and Ulsan were calculated as 9703 USD and 9431 USD, respectively. The cost in Seoul were higher because the heat pump capacity was higher than that in Ulsan. The initial GSHP investment cost in Canada was calculated based on the product price of GSHP contractors and expert advice. The costs for GSHP systems in Ottawa and Toronto were calculated as 8387 USD and 8245 USD, respectively. Table 8 shows the initial investment costs of the PVT and GSHP systems according to the design method. The energy cost of the tri-generation system was calculated based on the annual energy consumption of the system and the energy production of the PVT collector. The electric rates of the system in Seoul and Ulsan were based on the Korea Electric Power Corporation (KEPCO) and Korea Power Exchange (KPX) [34, 35] . Table 9 shows the monthly electric rates in Seoul and Ulsan. The electric rates of the system in Ottawa and Toronto were based on the Ontario energy report proposed by the Ontario Ministry of Energy. The cost of energy production of the PVT collector was referred to as the Feed-in Tariff (FIT)/microFIT price of the Independent Electricity System Operator (IESO) [36] . In Ottawa and Toronto, the applicable hours for off-peak, mid-peak, and on-peak electrical rates are different in summer and winter [37] . Therefore, the hourly electric rates in summer and winter were averaged. Table 10 shows the monthly electric rates in Ottawa and Toronto. 
Initial Investment Cost and Energy Cost of Conventional System
In order to analyze the feasibility of the tri-generation system, it is necessary to compare it with the conventional system. Table 11 shows the initial investment cost and energy cost of conventional systems in South Korea. In South Korea, the initial investment cost and the energy cost were calculated for the conventional system such as kerosene boiler and air-conditioner (A/C) that is most actively used. The kerosene boiler was used for the heating and DHW loads, and the air-conditioner was used for the cooling load. The initial investment costs were based on quotations from kerosene boiler and air-conditioner manufacturers with the construction company. Also, the energy costs were based on kerosene and electric rates notified by the Korea National Oil Corporation (KNOC) and KEPCO [34, 38] . Table 12 shows the initial investment cost and energy cost of conventional system in Canada. The conventional system in Canada is assumed to use the boiler and air-conditioner similar to South Korea. The initial investment costs referred to quotation of manufacturers. The energy costs were based on electrical rates notified by Natural Resources Canada and Ontario Ministry of Energy [37, 39] . 
Evaluate Feasibility
In order to evaluate the feasibility of the tri-generation system, return on investment (ROI) analysis was performed considering life-cycle cost (LCC). In this study, the payback period of the tri-generation system compared to that of the conventional system was analyzed using the net present value (NPV), which converts the future value to the present value. The NPV analysis method can be expressed by the following: P = P F + P A (18)
Here, P F is present value of future cash, P A is capitalization factor of annuity, C F is cost incurred after n years. A is annual cost, I r is discount value. South Korea's bank rate and inflation rate were based on the one-year (2018-2019) data announced by the Economic Statistics System of Korea bank; the average real discount rate for one-year was 0.74% [40, 41] . Canada's bank rate and inflation rate were based on the Bank of Canada, and the average annual real discount rate was −0.07% [42] . A period of 20 years was used for the ROI analysis. Figure 16 shows the ROI analysis results for the South Korea according to the design method. Figure 16a shows a comparison between the ROI of the tri-generation system designed based on peak load and that of the conventional system. Compared to the conventional system, the initial investment cost of the tri-generation system in Seoul was higher by 80.1% (9026 USD), the annual energy cost was lower by 83.0% (769 USD), and the payback period was calculated as 13 years. In addition, the initial investment cost of the tri-generation system in Ulsan was higher by 77.7% (8754 USD), the annual energy cost was lower by 84.6% (770 USD), and payback period was calculated as 12 years. The payback period was shortened by one year in Ulsan, in which the capacity of the system was low, and the energy production of the PVT collector was high. Figure 16c shows a comparison between the ROI of the tri-generation system designed based on peak load and that of the conventional system in Canada. The initial investment costs of the trigeneration systems in Ottawa and Toronto were higher by 79.9% (9194 USD) and 78.7% (9052 USD), respectively, of those of conventional systems. On the other hand, the costs of energy were lower by Figure 16b shows a comparison between the ROI of the tri-generation system designed for realizing ZEB and that of the conventional system. The annual energy costs of Seoul and Ulsan reduced by 98.6% (916 USD) and 100.9% (936 USD), respectively, compared to the conventional system. However, the initial investment costs increased and the payback periods were calculated as 17 years and 16 years, respectively. Figure 16c shows a comparison between the ROI of the tri-generation system designed based on peak load and that of the conventional system in Canada. The initial investment costs of the tri-generation systems in Ottawa and Toronto were higher by 79.9% (9194 USD) and 78.7% (9052 USD), respectively, of those of conventional systems. On the other hand, the costs of energy were lower by 90.7% (1017 USD) and 92.4% (1035 USD), respectively. The payback period was 10 years in Ottawa and 9 years in Toronto. The payback periods were confirmed in Canada earlier than in South Korea. Figure 16d shows a comparison between the ROI of the tri-generation system designed to realize ZEB and that of the conventional system in Canada. The annual energy costs of Ottawa and Toronto were reduced by 128.1% (1436 USD) and 129.3% (1450 USD), respectively. With the increase in initial investment costs, the payback periods for Ottawa and Toronto were calculated to be 13 years. Under similar ES conditions, the payback period for the tri-generation system was lower in Canada than in South Korea.
On the other hand, there are benefits in South Korea of the installation of the renewable energy system and certification of the ZEB [43, 44] . Table 13 shows the support fund of renewable energy system installation in South Korea. Table 13 . Support fund of renewable energy system installation in South Korea.
PV System Solar System Geothermal System
Cost (USD) 1527 230 4486
The support fund for the renewable energy system referred to the public announcement of the Korea Energy Agency [42] . The support fund of the PVT collector was calculated by assuming the role of both the PV system and the solar system. In addition, the fund of the geothermal system referred to the vertical closed-loop type. Figure 17 shows the ROI analysis results considering the support fund for the installation of the renewable energy system. The initial investment costs were reduced, and the costs of the system designed based on peak load in Seoul and Ulsan were 14,049 USD and 13,777 USD, respectively. Thus, the payback period was calculated to be 4 years for both regions; it could be shortened by up to 9 years compared to when no funding was received. In addition, the initial investment costs of the system designed to realize ZEB in Seoul and Ulsan were calculated as 18,960 USD and 18,687 USD, respectively. The payback period was calculated to be 10 years in Seoul and 9 years in Ulsan; the payback period was shortened by 7 years.
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In this study, a performance prediction model for the tri-generation system considering the building load condition and local condition was developed. Furthermore, the conventional design method and the design method for a ZEB realization were proposed. In addition, the feasibility of the system according to design method and local condition was evaluated through comparative analysis of the economy of the tri-generation system and the conventional system. Results of this study are summarized as follows.
(1) According to the design based on peak load, the ES of building with the tri-generation system at Seoul and Ulsan were calculated as 62.0% and 65.1%, respectively. PVT collectors with 16 panels were required for ZEB realization. The ESs of Seoul and Ulsan designed for realizing ZEB were calculated as 98.7% and 103.2%, respectively. The ESs were high during the intermediate season because the cooling and heating load was low and the energy production of the PVT collector was high in the intermediate season.
(2) In addition, the ES of Ottawa and Toronto designed based on peak load were calculated as 57.7% and 60.2%, respectively. Therefore, PVT collectors with 18 panels were required for ZEB realization. The ES of Ottawa and Toronto designed for realizing ZEB were calculated as 102.4% and 106.4%, respectively. The ES trend in Canada was similar to that of the ES in South Korea. The ESs were lower in the winter when the heating load was high and solar radiation was lower.
(3) The payback periods of the tri-generation systems in Seoul and Ulsan designed based on peak load was were calculated as 13 years and 12 years, respectively. The payback period in Ulsan was shorter than that in Seoul by one year, because the energy production of the PVT collector was high. However, the payback period of the tri-generation system designed for realizing a ZEB was calculated as 17 years and 16 years, respectively. The payback period by design realizing for a ZEB was lengthened because the initial investment costs were higher.
(4) In addition, the payback period of the tri-generation systems in Ottawa and Toronto designed based on peak load were calculated as 10 years and 9 years, respectively. The payback period was shorter in Canada than in South Korea because of the high initial investment cost and annual energy cost of the conventional system in Canada. Meanwhile, the payback periods of the systems designed for realizing ZEB in Ottawa and Toronto were calculated as 13 years. Under similar ES conditions, the payback period of the tri-generation system was found to be shorter in Canada than in South Korea.
(5) On the other hand, in South Korea, government supports the installation of the renewable energy system and the ZEB through several incentive programs. Therefore, the payback period by design based on peak load considering the support fund was calculated as 4 years.
In the future, we will propose an optimal design method to meet the cost and performance of the tri-generation system and conduct a performance and feasibility analysis. 
